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Outline 

• How big a problem is orbital debris? 
• Protecting the spacecraft from existing debris 
• Protecting the orbital environment from spacecraft 
(prevention of future debris) 

• Removal of existing debris objects 
• NASA Requirements 
• Latest Developments 
• Conclusions 
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Presenter
Presentation Notes
I’ll speak first about the existing orbital debris density, and expected trends into the future.  Then we’ll discuss ways to accommodate the threat, so that any damage to the spacecraft is minimized.  As we’ll see, future generation of orbital debris can’t be entirely controlled, but there are things that we can do to greatly minimize our contribution to it.  One new topic that is growing fast is the removal of debris that is already there, and we will discuss a few of the many ideas for how to reduce the existing population.  Then, a brief summary of the NASA requirements for missions, and how to meet them.  Finally, a few recent developments in the orbital debris world.
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Recent Articles 
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Presenter
Presentation Notes
I like to say “We may not always be popular, but everybody’s talking about us”.  There have been a lot of news reports showing that Congress is aware of the potential threat posed by orbital debris.  We saw first-hand the effects of a meteor reentry over Russia, with nearly 1500 people injured.  Most times that a large spacecraft (usually a science mission) is about to reenter, there is a flurry of press coverage. 
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Debris Removal Articles 
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Presenter
Presentation Notes
Reporters are also very interested in proposed solutions to accumulating orbital debris.  If only the reporters brought funding to the issue…
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Space Fence 

• New S-band 
radar, located 
near the equator 

• Should be able to 
detect smaller 
objects, therefore 
more objects 

• Designed for  
5 cm detection 

• Slated for 
operations in 
2018 
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Presenter
Presentation Notes
Lately, you might have heard about the new Space Fence radar.  Will detecting more smaller objects make collision avoidance better or worse?
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Gravity 
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Presenter
Presentation Notes
And of course, the movie Gravity brought orbital debris into everyone’s living room.
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What did Gravity get right?* 

• Great props 
• Debris strikes are silent – no KABOOMs! 
• Collisions and explosions produce a distribution of different size pieces 
• Objects with low Area to Mass Ratio arrive first at ISS 
• Different ballistic coefficients evident during reentry scene 
• Debris is potentially a real problem, if we don’t do something about it 

 
 
 

 
 

• The special feature “Collision Point” is an excellent summary of orbital debris 
* the things they used ‘creative license’ to justify are staggering to many of us, 
and we don’t have time for that 
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Presenter
Presentation Notes
For months, people asked me what I thought about the movie Gravity.  Unfortunately, I hadn’t seen it until recently.  They really bent (and broke) the rules to make the movie exciting, but the producers really tried to get some basic things right.
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ORBITAL DEBRIS 
ENVIRONMENT 
How much stuff is up there? 

8 NASA Goddard Space Flight Center 
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Why is Orbital Debris a Concern? 

NASA Goddard Space Flight Center 9 

• On-orbit Environment 
– Currently  

~ 22,000 objects >10 cm in size 
 
                                  ~ 500,000 objects >1 cm in size 
 
                                                        Many Millions of objects <1 mm in size 

– Growing rapidly: Already self-propagating 

• Spacecraft damage potential 
– Moving at 7 km/s  ~16,000 mph! 
– ½ mv2 gets to be really big, really fast 

• Tracking limitations 

Presenter
Presentation Notes
Sometimes it can seem like the Agency requirements just get in the way and make a lot of work for us, but there really is a reason for all the hype.  We tend to speak in terms of larger and smaller than 10 centimeters, because that is the smallest object that can reliably be tracked by radar and optical telescopes, to a degree that we can establish orbital elements for them.  The population of trackable objects has about doubled in the past few years.  Unfortunately, spacecraft can be catastrophically damaged, without warning or possibility of evasion, by objects much smaller than what we can track.
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Recent Major Debris Events 

Vehicle Type Date Objects* Cause 

Fengyun 1C 
(PRC) 

Spacecraft  1/11/2007 
1999-025 

~2850 Deliberate 
destruction 

CBERS 1 
(PRC/BRZ) 

Spacecraft  2/18/2007 
1999-057 

~425 Unpassivated 
propellant 

Briz – M 
(CIS) 

Launch Vehicle 2/19/2007 
2006-006 

~150 Unpassivated 
propellant 

Iridium - 
Cosmos 

Spacecraft x 2 2/10/2009 ~1650 Collision 

Briz – M 
(CIS) 

Launch Vehicle 6/21/2010 
2009-042 

~85 Unpassivated 
propellant 

Long March 3C 
(PRC) 

Launch Vehicle 
 

11/1/2010 
2010-057 

~50 Unpassivated 
propellant 

Briz – M 
(CIS) 

Launch Vehicle 10/16/2012 
2012-044 

~115 Unpassivated 
propellant 

* Cataloged objects (> 10 cm) 
10 NASA Goddard Space Flight Center 

Presenter
Presentation Notes
These are some of largest recent debris-producing events on record.  Notice that they all have one thing in common – they were all preventable.  While the FY-1C event has a political component, passivation could have prevented most of the other events.  In the case of the collision, the Iridium spacecraft performed a maneuver that put it into the collision path.
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Debris Sources 

• Launch 
• Spacecraft  

– Lack of proper disposal 
• Collisions 

– Small collisions as well as large 
• Explosions 

– Batteries 
– Pressure tanks (usually propulsion system) 

• Meteoroids 
– Natural random environment 
– Meteor showers 
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Presenter
Presentation Notes
Some sources of orbital debris are inherent in conducting operations in space.  Simply launching the payload into orbit often results in small particles of solid motor slag, for example.  Spacecraft that can’t be or aren’t disposed of properly add to the problem, by remaining in orbit for many years.  The more debris there is, the more collisions occur, as we will see.  Explosions can and do occur, which is why one of the most important of our requirements involves properly passivating the spacecraft at the end of the mission.  

In the Apollo days, almost all of the threat was from micrometeoroids, and they still had to add shielding to the vehicles to deal with that.  The overall meteoroid threat has not changed since that time.  A common term used to describe the combined debris threat is “MMOD”, or Micro-Meteoroid and Orbital Debris.  Note, though, that the characteristics of micrometeoroids are quite different than orbital debris, with much higher velocities, but lower material density and flux.
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Explosions 

• Batteries 
– Overcharge can generate gas pressure 
– Ni-H2 most susceptible, Li-ion less so 

• Only known US battery explosion was a Ni-Cd 
• Some Li-ion cells have pressure cutoff switches 
• Li-ion must never be recharged after full drain 

 

• Pressure tanks 
– Biprop: fuel and oxidizer can mix  

because of a leaky valve 
– Overpressure from regulator failure 
– Small debris object impact 
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Presenter
Presentation Notes
Batteries and propulsion systems usually represent the main sources of stored energy on-board the spacecraft, and both have the potential for explosion after the mission ends, and these systems are no longer monitored closely by flight ops teams.  Most batteries , if overcharged, produce an excess of gas, building pressure until they rupture.  By far, the most susceptible battery style is nickel-hydrogen, though explosions and fires can also occur in lithium-ion batteries if other components fail.  The only way to reliably prevent this is to physically and permanently disconnect the battery from the charging circuit after the mission is over.

Like batteries, propulsion systems are usually safe until something unexpected happens.  Bipropellant systems are more susceptible, but explosions can and have occurred before in monopropellant systems.  When you consider that spacecraft are allowed to stay on-orbit for as much as thirty years, the risks of a leak developing become more significant.  Pressure tanks are also susceptible to small debris impacts, since they contain pressure from the start, and a small penetration usually grows faster than the tank wall material can hold it back.  Venting the tanks to minimize the pressure will prevent such explosions.

The problem is that we have gotten very good at designing spacecraft so that you can’t accidentally vent the pressure or prevent battery charging during or after the mission.  Later, I’ll present a couple ideas for ways to satisfy both mission reliability and passivation.
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Long-term Growth of  
LEO Debris Population 
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Presenter
Presentation Notes
This is a graph published by the Orbital Debris Program Office at JSC.  They did a study in 2007 using historical data through 2006, and projecting future growth based on past trends.  That study also made the assumption that we stopped launching at the end of 2006.  The solid lines represent that study.  You can see that while all other sources decrease over time as objects are cleared out by atmospheric drag, collision-generated debris increases continuously, as does the overall object count.  Because of the events of 2007 and 2009, the study was later updated with data through 2009, as shown in the dashed lines.  Bear in mind that the actual situation is even worse, since new and future launches aren’t included.
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Collision Predictions  
with and without disposal efforts 
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Presenter
Presentation Notes
This graph uses the previous trends study to examine the number of major collisions expected with no disposal or passivation efforts (red line), with 90% of missions disposed of properly (blue line), and if we simply stop launching altogether (green line).  Notice that the historical data has been following this curve to date.  Even with no new launches, there will continue to be more collisions on-orbit, unless a significant amount of large debris is removed from orbit.
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Debris Flux  
in the A-Train Orbit 
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Presenter
Presentation Notes
This is an example of the orbital debris size distribution at the A-Train orbit.  First notice the green boxes, identifying the damage potential for different size ranges.  Then notice that the objects that can be tracked, predicted, and avoided are far fewer than those that can not be tracked, but can still do major damage, and probably end the mission.  Depending on the spacecraft construction, the probability of a fatal hit can be as high as several percent for this orbit.

The current flux equates to the Aqua spacecraft getting hit in a semi-random location an average of once every two years by a particle with the same energy as a .22 caliber long rifle bullet.  Depending on where it hits, the resulting damage could become quite significant to not only Aqua, but the rest of the A-Train missions as well.
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Reality Check 
Space is still pretty big - mostly 

• We’re not talking about daily major crises 
– We work to a 1% probability of a penetration that would  

prevent the planned disposal 
• Only about a 50/50 chance of it ever happening on a GSFC mission 
• No known case to-date of a NASA spacecraft being fatally struck  
• Benign hits might happen frequently, though, without our knowledge 
• Benign impacts might still result in shorter or reduced missions 

• Daily conjunction assessments help to prevent collision  
with large (>10 cm) objects 

• Fortunately, the cascade portrayed in Gravity wouldn’t 
take place nearly as fast as in the movie 
 

The real risk is the long-term (decades) 
loss of access to the orbital environment 
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Presenter
Presentation Notes
I want to be careful not to over-sell the problem, because people always then ask me “so why aren’t all the spacecraft failing?”.  To be clear, for the most part this isn’t a today issue or a specific spacecraft issue, but a long-term issue.  If we don’t do what we can today to prevent it, though, then getting things back under control later will be that much harder.
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A Sample of GSFC Missions 
(a wealth of diversity) 
• Quantity 

– Typically about 20 Space Science, 6 Earth Science, and 9 TDRS 
missions actively operational 

– Usually ~50 total missions, including development 
• Orbits 

– Typically LEO (400 to 850km) 
– A few GEO 
– A few high eccentricity, L1 and L2 
– Lunar and Mars 

• Propulsion  
– About 60% have propulsion systems 

• Construction 
– Many high Z materials in detectors 
– Substantial use of Titanium 
– Glass mirrors and lenses 
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Presenter
Presentation Notes
This is to give an idea of why this topic becomes so complicated.  At Goddard, we see many different types of missions.  We run the gamut from low to mid LEO, GEO, and then some very unusual orbits.  This makes it difficult to apply some of the requirements meant for specific orbit types.  In addition, only about half of our missions have propulsion systems.  This makes disposal both easier and harder, in that passivation is simpler without a prop system, but you are limited to atmospheric drag from a low altitude.
Finally, the construction of some of our spacecraft makes reentry risk a problem.  While we probably use about the same amount of Titanium and Stainless Steel as other missions, many of our high energy detectors require dense materials like tungsten and tantalum for x-ray attenuation and shielding; these materials tend to survive reentry.  Heavy glass mirrors and lenses, and their associated high strength mounts, also add to the risk.
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ORBITAL DEBRIS 
PROTECTION 
Protecting the spacecraft from debris damage 

18 NASA Goddard Space Flight Center 
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Methods of Protection 

Mission Design 
 

Hardware Design 
 

Shielding 
 

Conjunction Assessment 
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Presenter
Presentation Notes
Since the threat is real and growing, the next question is how to protect ourselves from it.  It turns out that there are some design techniques that can be used to make the mission more robust, in addition to just adding shielding.  
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Mission Design and Ops Considerations 

• Orbital debris needs to be considered early 
• Orbit selection 

– Debris peaks at ~750, 900, and 1400 km 
– Orbit selection is usually driven by science needs,  

but science can be difficult in a minefield 

• Operations 
– Orbit change maneuvers to avoid predicted close approaches 
– Reorient the spacecraft during meteor showers or close 

approaches 
– Have plans in place to help diagnose and/or respond to 

potential debris hits 

20 NASA Goddard Space Flight Center 

Presenter
Presentation Notes
If the science needs allow any significant leeway in the orbit selection, that is one way to help protect the mission from collisions.  Inclination doesn’t seem to have a great effect on debris density, since all inclinations have intercept paths with each other.

Operational protection generally depends largely on whether the spacecraft has a propulsion system.  If maneuvers are possible, tracked debris can be avoided by small maneuvers, as has been done already several times.  Even with no propulsion system, though, the spacecraft can often be reoriented to minimize its cross-sectional area (as is sometimes done during large meteor showers).  Finally, just by having plans in place to confirm and respond to a debris strike, recovery can be aided.
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Debris Density vs. Altitude 
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Presenter
Presentation Notes
This graph shows the distribution of tracked debris versus altitude throughout LEO (the GEO density is about one tenth this large). Notice that Iridium-Cosmos occurred just above the ‘A-Train’ orbit at 705 km, where most of our Earth Science spacecraft operate in a constellation.  All of that debris will drift down through 700 km, most over the next decade or two.  Similarly, debris from the FY-1C test (which we have already had to dodge) will continue to drift down through the A-Train orbit for a long time.  At 1200 km altitude, though, the debris density is much lower.  
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Hardware Design Considerations 

• Component location 
– If possible, locate critical bus components inside the spacecraft  
– Nadir and zenith are lowest exposure 
– Ram direction and sides are highest exposure 
– Take advantage of shadowing 

• Wall thickness 
• Add shielding 
• Redundancy 
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Presenter
Presentation Notes
One of the easiest and most efficient ways to protect a mission from orbital debris strikes is to locate your critical equipment on the nadir or zenith faces, or shadowed behind other boxes.  Of course, enclosing the boxes inside of the spacecraft walls is a large benefit as well, but isn’t always possible for other reasons.  Increasing the box wall thickness can help, but not as much as adding one or more shielding layers.  I’ll discuss shielding more in the next few slides.  Finally, increasing the redundancy of critical boxes costs a lot of weight, but adds to the mission reliability as well as the MMOD survival.  In the case of a battery box, it is sometimes possible to create redundancy within the box by adding a partition and designing separate circuits to the two sides.



Orbital Debris Services, Code 592 

Shielding Considerations 

• Mass 
• Cost 
• Complexity – mechanical effects on spacecraft design 
• Multi-wall much more effective than a thicker wall 

– Depends on spacing 
– Material selection is important 

• Direction of threat 
• Use baffles to shield instruments in some cases 

23 NASA Goddard Space Flight Center 
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Debris Baffle 

Presenter
Presentation Notes
Shielding is often a necessary evil, but it costs weight and integration time, so we try to optimize it as much as possible.  JSC has the Agency experts in shielding design and assessment, but at Goddard we try to stay current to better support project needs.  In general, shields with multiple separated layers are much better than single wall shields at stopping debris and meteoroids.  Design of multi-wall shields requires an understanding of the failure mechanisms unique to hypervelocity impacts. 
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Multi-wall Shield Mechanisms 

• ‘Bumper’ disruptor layer 
– Breaks up and melts projectile 
– High temperature material (Nextel does well) 

• Inner stopper layer 
– Traps the slower moving secondary debris 
– High toughness material (Kevlar does well) 

• Back wall 
– Usually the box wall 
– Provides the last line of defense 
– Can generate spalling from inside surface, even if not penetrated 
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Presenter
Presentation Notes
When an orbital debris or meteoroid particle strikes a surface, it is important to understand that it is traveling extremely fast, typically about 7 km/sec for debris or 20 km/sec for meteoroids.  If the first surface has sufficient strength and melting temperature, it can act as a ‘bumper’ layer, to break up and slow the particle.  Energy is lost mostly in the form of heat, so high temperature materials do best in this layer.  If there are one or more inner layers present, they depend on toughness to trap the slower moving projectile pieces and secondary ejecta from the bumper layer.  Finally, the back wall is the last line of defense against penetration.  Even if the wall is not completely breached, material can still be expelled off the inside of the back wall, into the box, referred to as ‘spalling’.
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Shield Testing 

• High velocity impact guns on actual samples 
– 3 to ~7 km/sec range  

(slower than most MMOD impacts) 
– Typically >$10,000 per shot 
– 5 or 6 shots per test 

• Tested across a range  
of velocities, sizes,  
impact angles,  
and densities 

• Produces ballistic  
limit curves 

25 NASA Goddard Space Flight Center 

Presenter
Presentation Notes
The only real reliable way to verify a shield is to test it in conditions that are as realistic as possible.  Unfortunately, accelerating even a small particle to 7 km/sec is not an easy task, and requires expensive, specialized equipment.  The light gas guns generally used for hypervelocity testing can reach only about 7 km/sec, and higher speeds require shaped charge acceleration.
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Typical Whipple Shield Ballistic Limit Curve 
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Presenter
Presentation Notes
Start with single wall curve
Add data for passing and failing shots
Add line for maximum passing shots
Project the single wall curve onto the maximum known passing data point
Actual performance could be better than the pass-fail line
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ORBITAL DEBRIS 
PREVENTION 
Protecting space from us… 

27 NASA Goddard Space Flight Center 

Presenter
Presentation Notes
Prevention of new debris generation can be in both our short term and long term interest.  Many of the efforts that are used to prevent debris generation also have the effect of increasing mission success.
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Prevention Methods 

• Design for Safety 
 

• End of Mission Disposal 
– Reentry (active or passive) 
– Storage orbits 

 

• End of Mission Passivation 
– Disconnect battery 
– Vent pressure sources 
– Essentially minimize residual stored energy 
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Presenter
Presentation Notes
There are a number of ways to prevent future debris generation, and the next few slides will discuss each one briefly.  Each of these large categories is a part of the NASA debris limitation requirements.
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Design for Safety 
During and After the Mission 

• Pressure tank design 
– Burst strength >2X MEOP recommended 

 
• Battery selection 

– Usually driven by power demands 
– Ni-H2 can be an explosion risk if overcharged 
– Li-ion less susceptible, but has strict charging considerations 

 
• Locate pressurized components near center of spacecraft  

– Protection against debris strikes 
– Any fragmentation is more contained 

 
• Responsible Disposal 
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Presenter
Presentation Notes
Clearly, this is in the project’s best interests, since it can improve mission success as well as prevent future debris generation.  Nobody intentionally designs a system that could explode, but it never hurts to have an extra check on the reliability.  Remember, though, that the debris limitation requirements are concerned only with preventing debris generation, and loss of the mission due to a contained explosion is not of concern, except if it prevents timely disposal.  From a mission success standpoint, of course, no one wants to lose the mission either.

There is some reason to believe that composite tanks may be more robust against small penetrations such as an orbital debris strike, because the overwrap may be able to better support the tank liner, to prevent a catastrophic failure.  There is a hypervelocity testing campaign under way now to examine composite tanks, but the results are not yet available.

Nickel-hydrogen batteries have been known to explode on-orbit due to overcharging.  Battery charging circuits generally function to prevent overcharging, but they can fail, especially in the long-term.  Lithium-ion batteries operate at far lower pressure, and are less susceptible to explosion.  They also often contain pressure activated switches, which disconnect one of the battery terminals as pressure develops.  If an individual cell ever experiences a voltage reversal, though, they can generate gas very rapidly and might still catch fire or explode.

Many propulsion tanks are located near the center of the spacecraft for other reasons, but it is also useful for debris prevention.  Not only will explosion fragments often be contained, but small object strikes are virtually impossible if there is sufficient shielding by the spacecraft walls.
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Postmission Disposal Methods 

• Reentry 
– Controlled or uncontrolled 
– With or without orbit lowering 
– Depends on reentry risk, orbit,  

propulsion capacity, guidance reliability 
 

• Storage orbit 
– Can stay in LEO up to 25 years 
– 2000 km to GEO-200 km 
– Above GEO+200 km 
 

• Retrieval 

30 NASA Goddard Space Flight Center 

Low Altitude 
Storage Orbit 

LEO 

GEO 

Super GEO 
Storage Orbit 

12 Hour Orbits 

High Altitude 
Storage Orbit 

Reentry 

Presenter
Presentation Notes
As we saw earlier, spacecraft left on orbit longer than 25 years are considerably more likely to experience collisions, leading to a cascade.  Our requirements state that within 25 years after the end of the mission (or 30 years total) the spacecraft must be either removed to a storage orbit,  reenter the atmosphere, or be retrieved.  Retrieval is not currently a practical approach, though.
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Power System Passivation 

• Requires designing in an “off-switch” early 
 

• Disconnect solar arrays (preferred) 
– Can be easier/safer to achieve 
– Passivates all electronic equipment at once 

 
• Disconnect the battery from the charging circuit 

– Relays, instead of logic 
– Reducing charging rate is not enough 

 
• Leave small loads attached to the bus 
• Disable failure detection and correction modes at EOM 
• Never recharge Li-ion after a deep discharge 
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Presenter
Presentation Notes
Passivation is a process carried out at the very end of the mission, and generally constitutes the final commands sent to the spacecraft.  Because a spacecraft can remain in orbit after the mission for up to 25 years in LEO or many centuries in GEO, simply setting the charging current to a low value is not a reliable way to prevent overcharging.  The internationally recommended method of passivation is to provide a physical disconnection between the charging circuit and the battery.  It is also usually necessary to disable the automatic recovery systems built into the missions, since keeping the battery charged is a primary concern of those systems.
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Pressure Tank Passivation 

• Requires designing in venting hardware 
 

• Design for venting 
– Redundant valves in series on vent lines 
– Consider effects of cold gas thrust 
– Add vent lines for isolated pressurant tanks 
– Bypass around diaphragms 
 

• Vent pressure as much as practical 
– Latching valves left open if possible 
– Very small amount often remains 

32 NASA Goddard Space Flight Center 

Presenter
Presentation Notes
Another international agreement is that any sources of stored energy, such as pressurized tanks, will be eliminated at the end of the mission.  This agreement is reflected in one of the NASA requirements.  While it is often possible to create good justification for why a failure of the propulsion system (particularly monopropellant or pressurant) is still safe, it should be possible to reliably meet this requirement by using redundant valves.
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ORBITAL DEBRIS REMOVAL 
Taking out the trash 

33 NASA Goddard Space Flight Center 

Presenter
Presentation Notes
It is recently becoming clear that if the long-term cascade effect is to be avoided, it will be necessary to begin removing existing large and small debris objects from orbit.  Recently, NASA and DARPA co-sponsored a three day conference to discuss potential methods or removal and other concerns.
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Challenges to  
Debris Removal 

• Cost 
– Value of removing a rocket body ~$3.7M 
– Cost of removing a rocket body ~10X value 
– Ignores the less tangible value of access to the orbit 

 

• Legal Aspects 
– Salvage rights 
– Removal responsibility 
– Could be viewed as an attack 
– No international jurisdiction or agreements 

• Target Selection 
• Technology 

34 NASA Goddard Space Flight Center 

Presenter
Presentation Notes
The most obvious challenge to debris removal is the cost, and who should pay it.  One study examined the value of removing a typical spent rocket body, based solely on the likelihood that it would strike and kill another spacecraft, and considering only the replacement value of the operational spacecraft.  That number, though, ignores the long-term damage done to the orbit, and the value of losing access to that orbit itself.  It is in some ways analogous to the dollar value of the last polar bear.  Until we can define that value for LEO, debris removal will probably not be economically justifiable.

In addition to the cost, there are a number of legal concerns.  Ownership of a spacecraft determines not only who is entitled to possess and use or salvage it, but also now who has the responsibility for properly disposing of it.  At this time, there is no organization with jurisdiction to even make the existing agreements binding.

Once debris removal becomes justifiable, there will still be the questions of which objects to remove first, and how.
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Target Selection for Debris Removal 
What should we remove? 

• Orbit selection 
– LEO: highest density, mostly science missions 

(government funding) 
– GEO: lower density, mostly commercial missions 

(industry funding) 

• Debris size selection 
– 1 mm to 1 cm: high quantity, low damage 
– 1 cm to 10 cm: moderate quantity, moderate damage, 

not trackable 
– >10 cm: low quantity, catastrophic damage, trackable 
– Rocket Bodies: can produce most smaller debris due to 

collisions 
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Presenter
Presentation Notes
Once the decision is made to remove existing debris, the question becomes what to remove, and from what orbit.  While the government interests and funding (science and military missions) are concentrated in LEO, commercial interests are mostly focused at GEO.  The task is likely easier at GEO, but the debris density is about 10X higher in LEO.  After selecting a region to clean up, though, there is still the question of what size objects to go after.  Larger objects have a greater likelihood of important collisions, but are the most expensive objects to retrieve.  Large objects are also tracked, so that they are easier for operational spacecraft to avoid.  Of course, two decommissioned objects could still collide, with no intervention possible.
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Technology Challenges for Debris Removal 

• Each different approach is suited to a specific set of 
orbit and size conditions 

• Cost varies widely 
• Most techniques have yet to be demonstrated 

– Tethers have been used for electric generation, but not 
necessarily drag or propulsion 

– Some spacecraft retrieval and on-orbit servicing experience 
• No single solution will work for all applications and 
orbits 

• Rendezvous and capture is a common challenge for 
most removal methods 
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Presenter
Presentation Notes
Each of the potential technologies is effective over a limited range of sizes and orbits.  In addition, some ideas look great on paper, but may have unforeseen difficulties in practice.  One clear conclusion is that there will likely be a number of different efforts needed for good long-term improvements. 
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Examples of Removal Techniques 

Technique Target Size Orbit Range Relative Cost 
Ground Based 
Lasers 1 cm to 10 cm All of LEO $$ 

Drag 
Enhancement 10 cm to 5 m LEO <700 km $$$ 

Sweepers < 10 cm LEO $ 

Space Tugs 
(ADR) 1 m to 5 m LEO through 

GEO $$$$$ 
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Presenter
Presentation Notes
These are just some of the dozen or more ideas that have been discussed recently for debris removal.  Further etails will be shown on the next few slides.  The ‘Space Tug’ is more formally known as Active Direct Removal (ADR).
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NASA ORBITAL DEBRIS 
REQUIREMENTS 
Coloring inside the lines 
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Presenter
Presentation Notes
This is a brief overview of the NASA orbital debris limitation requirements.  For more details, contact Code 592.
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NASA Orbital Debris Structure 
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Presenter
Presentation Notes
The overall agency organization for dealing with orbital debris issues starts out with the OSMA at Headquarters.  Sue Aleman heads up this effort, coordinating the many roles of different directorates and offices at Headquarters, as well as guiding the policy, and reviewing the reports.
The Orbital Debris Program Office at JSC supplies technical guidance, review, and interpretation, as well as environment measurements and modeling.  ODPO also maintains the DAS and ORSAT software tools.

All of this, of course, gets supplied to the Centers, each with their own unique perspectives and concerns.  The most affected centers are listed here.  At present, we assist projects at both Ames and Wallops, since they do not have in-house orbital debris specialists.  JPL, KSC, and Goddard regularly meet to discuss and share information related to orbital debris.
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NASA-STD-8719.14  
Requirements 

Section 4.3 (2) Operational Debris 
Section 4.4 (4) Explosions, Passivation,  

Intentional Break-up 
Section 4.5 (2) Collisions 
Section 4.6 (4) Postmission Disposal 
Section 4.7 (1) Reentry Risk 
Section 4.8 (1) Tethers 
                   15 Total 
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Presenter
Presentation Notes
These are the six basic categories of debris limitation requirements.  The following slides will focus on only a few of the 15 requirements that are considered the most difficult to meet.
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Requirement Group 4.4 
Accidental Explosions 

Req. 4.4-1: Risk of Accidental Explosions  
                 During the Mission 
– Need to assess and report a quantitative  

estimate for explosion risk 
– < 0.001 probability for all credible failure modes 

 
Req. 4.4-2: Risk of Accidental Postmission Explosions  

– “Deplete all onboard sources of stored energy” 
– Also referred to as passivation 
– Disconnect battery from charging circuit 
– Vent pressure 

• The concern is the risk to other spacecraft,  
and to the long-term orbital environment 
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Presenter
Presentation Notes
This requirement can be very difficult to prove that you meet, since most pressure vessel manufacturers build to a “leak-before-burst” standard, and the failure rate has little meaning to them.  ODPO contends that leak-before-burst is insufficient justification, however, since a rapid application of high pressure from a pressurant tank could potentially still cause a rupture. A high speed particle impingement could also possibly cause a super-critical flaw that would result in catastrophic failure of the vessel.  This requirement also incorporates the leak rates for valves that might allow explosion through unintended mixing of propellants.  These values are typically available from the valve manufacturers.
The main reason that explosion potential is so difficult to quantify is that we often incorporate many design features to prevent or greatly reduce any expected explosion risk.

Methods of passivation are discussed above.  The requirement does allow for a lack of passivation if it can be shown that any possible explosion will be contained.  Unfortunately, this has proven to be practically impossible to prove.
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NASA-STD 8719.14  
Requirement 4.5-2 

Collision with Small Debris 
– Spacecraft only; not launch vehicle 
– Projectile size based on spacecraft component robustness 
– Function of vulnerable component area, inherent shielding, 

nominal mission lifetime, and object flux 
– Each disposal-critical component must be examined  

from ALL directions 
– < 0.01 probability of preventing disposal 
– DAS 2.0.2 used for the first evaluation 
– Results can be refined using Bumper 3 
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Presentation Notes
This one will make you sweat if you do it right!  
First you need to identify all of the hardware critical to your disposal method (not applicable to uncontrolled reentry, therefore).  In the old days you then used the total shielding between the inside of the box and the outside of the spacecraft to determine the minimum penetrating particle for each box, from each direction.  Then you used the altitude, box area, and particle size to determine the probability of encountering such a particle.  Finally, you added up the probabilities including any redundancy in the spacecraft design.  I had a spreadsheet which made this a bit easier, but still no piece of baklava…
Now DAS 2.0 will do much of the brute force calculation, and you just enter the shielding and box size.  We have recently acquired insight into the algorithms DAS uses to perform this assessment, which can be shared on request.
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Large Objects vs. Small Objects 

Large Objects 
Catastrophic impact 

> 10 cm 
 

Spacecraft average area 
< 0.001 (1 in 1000) 

Shielding ineffective 
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Small Objects 
Prevents disposal  
Based on design 

(typically 1-3 mm) 
Critical component area 
< 0.01 (1 in 100) 

Shielding can be 
effective 
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Presenter
Presentation Notes
This is a comparison showing what is meant by large debris and small debris, in terms of collision.  This is still one of the leading errors that are made by inexperienced analysts writing their first ODAR.  

Where one is concerned with major damage to the spacecraft (and producing a debris cloud), the other is concerned with preventing the planned disposal.  Remember that while the small debris threshold is smaller, we’re still talking about all cumulative projectiles that size and larger.  Really, the objects considered “large” are just a subset of the objects we consider “small”.  Shielding can be an effective protection against small objects, but only a change in orbit, mission lifetime, or spacecraft area can mitigate the threat from large debris.



Orbital Debris Services, Code 592 

NASA-STD 8719.14  
Requirement 4.6-1 

Disposal from LEO orbits (choose one) 
6-1 a. Atmospheric reentry 

• Orbit decay within 25 years after end of mission 
• No more than 30 years total orbital lifetime 
• Can be Uncontrolled Reentry or Controlled Reentry 

6-1 b. Maneuver to a storage orbit 
 Perigee > 2000 km, Apogee < GEO – 500km 

6-1 c. Direct retrieval 
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Presenter
Presentation Notes
Requirements 6-1 through 6-3 describe the disposal requirements for LEO, GEO, and 12-Hour orbits.  The available storage orbits are summarized in the next slide.  Selecting a disposal method is usually an iterative process, where the result from one analysis determines another until the best answer emerges.
Among the LEO disposal options, some form of atmospheric reentry is the almost universal choice.  Increasing perigee to 2000 km has not been practical for most missions, though it can be an option for some high altitude orbits and launch vehicles left in a GTO.  In addition, direct retrieval is no longer considered practical since the loss of Columbia.  Retrieval may again become feasible if debris removal development efforts are successful.
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Available Storage Orbits 
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Presenter
Presentation Notes
This sketch shows the current long term storage orbits (green) and the “keep-out zones” (red).  The LEO red zone must be abandoned within 25 years of the end of the mission, and within 30 years of launch.  The rest need to be exited at the end of the mission.
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NASA-STD 8719.14  
Requirement 4.7-1 

•Risk of Human Casualty 
– For objects with impact energy >15J 
– Risk < 0.0001 (1 in 10,000) 
– For controlled reentry: 
• Uncontrolled Risk X Pf < 0.0001 
• No object closer than 370km to foreign landmass, 

or 50km to US landmass of Antarctica 
– Hazardous materials must now be reported 

and considered 
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Presenter
Presentation Notes
One of the biggest drivers for the disposal method is atmospheric reentry and survivability (in this case survival is bad).
The current requirement is based on a 1 in 10,000 chance of significantly injuring a person, using the actual inclination and projected year of reentry.
In addition, non-lethal impacts (<15 J) are omitted from the total.  15 J is approximately the energy of a two pound frozen chicken falling from the freezer onto your foot.  It would hurt, but not kill you.
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Debris Casualty Area (DCA) 
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When an object survives, a 0.3 m “person-border” is 
essentially added to the circumference of the object 
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Presenter
Presentation Notes
This is to illustrate the idea of Debris Casualty Area.  I describe DCA as “the amount of the Earth surface on which a person would be significantly injured by surviving debris if they were standing on it”.  It is a number which is calculated in the process of estimating the total risk, and it takes into account the size of a person (if people were larger, they’d be more likely to get hit).
The sketch in the slide is to scale.  Note that the DCA for the small particle is 50 times the particle size, but the DCA for the large object is only 2.6 times the object size.  You can think of this as the difference between a shotgun and a rifle bullet.  This explains why it is better to have, for example, 22 battery cells survive as a single object strapped together rather than 22 individual cells with roughly 10 times the debris casualty area.
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LATEST DEVELOPMENTS 
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What’s New? 

• ORDEM 3.0 Released 
• John Lyver & Nick Johnson retired 
• Sue Aleman is the new MMOD Program Executive 
• J.-C. Liou is the new Chief Scientist for OD 
• NPR 8715.6B going to NODIS review soon 
• New tools in GSFC OD Group 

– Bumper 3.0 
– ORDEM 3.0 
– MEMR2 
– 42 
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Presenter
Presentation Notes
Lots of new developments in the two years since I last gave a talk like this.  Two personnel changes at the top of the NASA MMOD management chain top the list.  Besides that, there is a new orbital debris environment model (though DAS still uses the old model), and several other new tools in the GSFC toolbox.  In addition, we are hoping to get a new policy document release soon, to streamline our reports.
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NPR 8715.6B Overview 
(as of latest proposed draft) 

• Updates to reflect organizational changes 
– New US Space Policy 
– New NASA top level organization (SOMD  HEOMD) 

• Removes obsolete NSS 1740.14 references 
• Greatly streamlines the ODAR and EOMP process 

– Most interim drafts approved at the Center level 
– HQ only signs prelaunch and final versions 

• Chief/SMA now accepts risks (versus the AA/SMD) 
• Generously streamlines the document 
• Reduces the number of “shall” statements 
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Presenter
Presentation Notes
When we get everyone on-board with the new policy document, it should really simplify how we review and approve our assessment reports.  The whole document is going to be easier to use, as well, with a lot less redundancy with NASA-STD 8719.14A.
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Recent ‘Perfect Storm’ #1 
Potential Collision Concern 
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Presenter
Presentation Notes
We go to a lot of work to prevent problems.  When an issue comes up, it usually wasn’t just one factor that triggered it.  In this case, a several month launch delay meant that a bunch of CubeSats were being launched long after we had thought they would be out of the GPM orbit.  As it happened, they ended up drifting down just as GPM was launching up into that orbit, before the prop system was active for collision avoidance maneuvers.  Did I mention that ‘space is big’?  Luckily for us, it is still big enough.
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Recent ‘Perfect Storm’ #2 
JPSS-1 Small Object Collision Assessment 
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Presentation Notes
I’m pretty sure that JPSS-1 was probably the worst possible test-case for the new ORDEM 3.0 environment model.  A relatively long mission in a neighborhood with the worst orbital debris environment we know of (except for Saturn).  Add to that a design that doesn’t help much, and we quickly exceeded the requirements.  Unfortunately for JPSS-1, the new environment was approved while we were evaluating the design, and we wanted to use the best models we have in such a challenging orbit.  Fortunately, we have found ways to shield the most vulnerable components, helping to ensure a successful mission.
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Conclusions  
(1 of 2) 

• The accumulation of debris in operational orbits is a 
real and growing concern. 

• Collisions will dominate the generation of additional 
debris in the future. 

• There are design techniques for protecting most 
spacecraft and instruments from the effects of orbital 
debris. 
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Presenter
Presentation Notes
These are the only two slides in the whole presentation that didn’t change.  The bottom line conclusions are still the same: orbital debris is a long-term problem, that we can help to minimize today.  Minimizing debris generation relies on early design choices, but fortunately there is expertise and experience available to assist you.
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Conclusions  
(2 of 2) 

• While it is presently impractical to remove derelict 
objects from orbit, there are agreements and 
requirements in place to limit the addition of more 
debris. 

• Disposal and passivation planning are critical to 
limiting the long-term rate of debris growth. 

• Code 592 and JSC/ODPO can assist with design 
optimization as well as documentation. 
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Presenter
Presentation Notes
These are the only two slides in the whole presentation that didn’t change.  The bottom line conclusions are still the same: orbital debris is a long-term problem, that we can help to minimize today.  Minimizing debris generation relies on early design choices, but fortunately there is expertise and experience available to assist you.
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Resources 

• Email the GSFC team any time for assistance: 
– Scott.Hull@nasa.gov 6-7597 
– Ivonne.M.Rodriguez@nasa.gov 6-5837 

 

• Online Resources 
– NPR 8715.6A: http://www.hq.nasa.gov/office/codeq/doctree/87156.htm  
– NASA-STD 8719.14A : http://www.hq.nasa.gov/office/codeq/doctree/174014.htm  

– http://orbitaldebris.jsc.nasa.gov/  
– http://orbitaldebris.jsc.nasa.gov/library/USG_OD_Standard_Practices.pdf  
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